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Combination of Obesity and High-Fat Feeding 
Diminishes Sensitivity to GLP-1 R Agonist Exendin-4 
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Gastrointestinal mechanisms involved in the suppression of 
appetite are compromised in obesity. Glucagon-like peptide-1 
(GLP-1) is released in response to nutrients, suppresses food 
intake, and has been shown to play a role in regulation of energy 
balance. It is not known whether obese-prone (OP) rats exhibit 
dysfunctional GLP-1 signaling that could contribute to decreased 
nutrient-induced satiation and hyperphagia. Therefore, we exam- 
ined the effects of exogenous intraperitoneal administration of 
the GLP-1R agonist, exendin-4 (Ex-4), on food intake in OP and 
obese-resistant (OR) rats during chow or high-energy/high-fat 
(HE/HF) feeding. All doses of Ex-4 effectively suppressed intake 
in OP and OR rats fed chow; however, during HE/HF-feeding, OP 
rats suppressed intake significantly less than OR rats at all 
Ex-4 doses tested. This was associated with downregulation of 
GLP-1 R mRNA expression in the vagal nodose ganglia of OP 
rats. Furthermore, HE/HF-fed OP rats had significantly lower 
plasma GLP-1 levels, decreased protein levels of GLP-1 in the 
intestinal epithelium, and reduced number of L cells in the distal 
ileum. These results demonstrate that HE/HF-feeding, coupled 
with OP phenotype, results in reduced endogenous GLP-1 and 
GLP-1R activation, indicating that impaired GLP-1 signaling 
during obesity may exacerbate hyperphagia and weight gain. 
Diabetes 62:2410-2415, 2013 




The number of overweight and obese individuals 
continues to increase as new estimates predict 
that more than 50% of the United States' pop- 
ulation will be obese by 2030 (1). The interaction 
between genetics and the environment, such as dietary 
and lifestyle influences, plays a major role in the de- 
velopment of obesity, because up to 70% of human obesity 
is inherited in a polygenic fashion (2,3). Therefore, the use 
of select inbred obesity-prone (OP) and obesity-resistant 
(OR) polygenetic rodent models reflecting human obesity 
provides a useful means of unraveling these interactions. 
When exposed to a high-energy/high-fat (HE/HF) diet, OP 
rats become obese, which is accompanied by increased 
caloric intake (4), possibly from impaired postingestive 
intestinal feedback signaling (5,6). We recently showed 
that diet-induced obese rats fed an HE/HF diet are less 
sensitive to the suppressive effects of lipid gastric loads 
and that this was associated with decreased expression of 
several gut peptides (5). Similarly, obese humans exhibit 
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decreased levels of gut peptides, such as cholecystokinin 
(CCK), glucagon-like peptide-1 (GLP-1), and peptide YY 

(7) . Therefore, it is plausible that HE/HF-feeding in those 
susceptible to obesity leads to alterations in intestinal 
peptide signaling, resulting in increased energy intake and 
subsequent weight gain. 

GLP-1 is a potent incretin and plays a physiological role 
in satiation, because administration of GLP-1 and GLP-1 
receptor (GLP-1R) agonists (exendin-4 [Ex-4] and liraglu- 
tide) reduce food intake, whereas blockade of GLP-1R 
increases intake and attenuates nutrient-induced satiety 

(8) . Several studies have implicated GLP-1 in the patho- 
genesis of obesity (7). For example, obese humans exhibit 
blunted postprandial GLP-1 release (9), whereas weight 
loss after bariatric surgery results in increased plasma 
GLP-1 (10). In the rat, HF-feeding causes decreased cir- 
culating GLP-1 and attenuated anorexigenic response to 
GLP-1 and Ex-4 (11). However, no study has addressed the 
role of GLP-1 in the OP animal model encompassing the 
gene and environment interaction that closely resembles 
human obesity, allowing us to distinguish between the 
effects of the phenotype from those of the diet. Therefore, 
in this study, we first examined the effect of Ex-4, a GLP-1R 
agonist, on food intake in OP and OR rats maintained on 
chow or an HE/HF diet. Second, to determine if changes in 
sensitivity to Ex-4 are the result of alterations in vagal af- 
ferent receptors, we evaluated GLP-1R mRNA expression in 
the nodose ganglia. Third, we assessed intestinal peptide 
protein expression and circulating levels of GLP-1 and 
quantified GLP-l-expressing enteroendocrine cells (EECs) in 
the distal ileum to determine if HE/HF-feeding leads to 
decreases in endogenous GLP-1 in OP rats. 

RESEARCH DESIGN AND METHODS 

Animals. Twenty OP and OR male rats (n = 10 per phenotype, Charles River, 
Wilmington, MA) were housed individually in a temperature-controlled vi- 
varium with 12:12-h light/dark cycle (lights on at 0700). Except where other- 
wise noted, rats had ad libitum access to standard rat chow (3.1 kcal/g; SDS 
Diets, Essex, U.K.). All experiments were carried out in accordance with the 
European Guidelines for the Care and Use of Laboratory Animals. 
Feeding responses to Ex-4. Eight-week-old OP and OR rats (287.1 ± 3 and 
223.3 ± 3 g, respectively) were separated into two groups (n = 5 per pheno- 
type and diet) and fed chow or the HE/HF diet (Research Diets, NJ, D12334B, 
4.2 kcal/g) for 5 weeks before testing. After a 16-h fast (1700-0900), rats were 
given Ex-4 (American Peptides, Sunnyvale, CA) or saline vehicle. Food intake 
was measured at 1, 3, and 24 h after injection. Ex-4 (0.625, 1.25, 2.5, 5 |xg/kg, 
i.p.) was administered in random order, at least twice, with each dose bracketed 
by vehicle injection, with a minimum of 72 h elapsing between injections. 
Tissue collection. Animals were killed 4 weeks after the Ex-4 tests, and 
proximal intestinal epithelial cells and bilateral nodose ganglia were collected 
and processed for quantitative real-time PCR and Western blotting (5). Also 
removed were 3-cm sections of the distal ileum for confocal immunofluores- 
cence. Plasma was extracted from vena cava blood, and total and active GLP-1 
were measured with ELISA (Millipore, Molsheim, France). Retroperitoneal, 
visceral, and epididymal fat pads were removed and weighed, and the adi- 
posity index was calculated (total fat/body weight X 100). 
Immunofluorescence. The distal ileum was fixed, and 4-fxm paraffin-cut 
sections were incubated with rabbit polyclonal antibody raised against GLP-1 
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(1:200, Abeam, Paris, France, ab22625), followed by donkey anti-rabbit IgG 
H&L (DyLight 488) secondary antibody (1:200, Abeam, ab96891). Images 
were acquired with an LSM510 confocal microscope (LSM Image Browser), 
and GLP-l-containing EECs were quantified by counting total villi and 
GLP-1 -positive cells throughout the entire length of the section (more 
than 20 nonoverlapping microscopic areas) for each animal. 
Statistical analyses. All statistics were computed with GraphPad Prism 5 
(GraphPad Software, Inc., La Jolla, CA), and SAS 9.13 (SAS Institute, Cary, NC) 
software. Biweekly average body weights and 24-h food intake were analyzed 
with repeated-measures ANOVA and post hoc Bonferroni adjustment. For all 
Ex-4 tests, raw food intake and as percentage suppression of food intake was 
analyzed by three-way (phenotype, treatment, diet) repeated-measures ANOVA 
with post hoc Bonferroni adjustment. Fat pads, plasma GLP-1, quantitative 
PCR, Western blots, and GLP-1 cell counts were analyzed by two-way ANOVA 
(diet X phenotype) with Bonferroni post hoc tests. Significance was consid- 
ered at a < 0.05 for all tests. 

RESULTS 

Body weight, adiposity, and 24-h food intake. OP rats 
were significantly heavier than OR rats 2 weeks after HE/ 
HF-feeding (P < 0.0001; Fig. IA) and their chow-fed 
counterparts after 6 weeks of HE/HF-feeding (P < 0.0001). 
OP rats consumed more calories from the HE/HF diet than 
OR (P = 0.0057) or OP rats fed chow (P < 0.001; Fig. IB). 
In addition, OP rats had a significantly larger adiposity 
index than OR rats fed the HE/HF diet (P < 0.0001; Fig. 
1(7), with no difference during chow-feeding. 
Sensitivity to Ex-4. Ex-4 produced a significant re- 
duction in 1- and 3-h food intake in rats maintained on 
chow, irrespective of phenotype (P < 0.05). However, al- 
though the lowest doses of Ex-4 (0.625 and 1.25 |xg/kg) 



suppressed intake significantly in OR rats fed the HE/HF- 
diet, it failed to decrease 1- and 3-h food intake in OP rats 
maintained on the same diet (P > 0.05; Table 1). The two 
highest doses of Ex-4 (2.5 and 5.0 |xg/kg) reduced food 
intake at 1, 3, and 24 h compared with saline, and this 
effect was significant for both diets and phenotypes. Fur- 
thermore, the percentage suppression of food intake at 1 
and 3 h was significantly lower in OP rats than in OR rats 
fed HE/HF diet for all Ex-4 doses tested (P < 0.05). 
However, there were no significant differences at 24 h in 
the percentage suppression between OP and OR rats fed 
chow or the HE/HF diet. 

GLP-1 protein and mRNA expression in intestinal 
epithelium. There was a significant decrease in GLP-1 
protein, but not mRNA, expression in HE/HF-fed OP rats 
compared with HE/HF-fed OR rats and chow-fed OP rats 
(P < 0.05 for both; Fig. 2A). 

GLP-1R mRNA expression in the nodose ganglia. HE/ 

HF-feeding resulted in significant downregulation of no- 
dose ganglia GLP-1R mRNA in OP, but not OR, rats (P < 
0.05; Fig. 2E). There were no significant differences in 
GLP-1R mRNA expression between phenotypes when rats 
were maintained on chow. 

Circulating GLP-1. Total and active GLP-1 plasma levels 
were significantly decreased in HE/HF-fed OP rats com- 
pared with HE/HF-fed OR rats (total: P < 0.01; active: P < 
0.001) and chow-fed OP rats (total: P < 0.05; active: P < 
0.01; Fig. 2C and D). There was no significant difference in 
circulating GLP-1 between phenotypes when rats were 




OR OP OR OP 

CHOW HE/HF 



FIG. 1. Body weights (A), 24-h caloric intake CB), and adiposity index (C) in OP and OR animals fed chow or the HE/HF. A: OP chow and OP HE/HF 
animals weighed more than respective OR chow and OR HE/HF rats after 2 weeks on the diet, and OP rats fed the HE/HF diet weighed more than OP 
rats fed the chow diet after 6 weeks. B: HE/HF-fed OP rats consumed significantly more calories per day than HE/HF-fed OR and chow-fed OP rats. 
C: The adiposity index was significantly greater in HE/HF-fed OP rats than in the HE/HF-fed OR and chow-fed OP animals. Data are expressed as 
means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.0001 denoting a significant difference from OR rats within diet condition. ffP < 0.01 and fffP < 
0.0001 denoting a significant difference from the chow-fed diet condition within phenotype. 
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maintained on chow, and there was no effect of the diet on 
GLP-1 in OR rats. 

Immunofluorescence. GLP-1 was present in cells lining 
the villi of the distal ileum (Fig. 3A). The number of GLP-1- 
containing L cells was similar between strains during 
chow-feeding; however, OP rats fed the HE/HF diet 
exhibited significantly fewer GLP-l-positive EECs than 
OR HE/HF-fed rats (P < 0.0001) and OP rats fed standard 
chow (P < 0.001; Fig. 35). 



DISCUSSION 

Our results demonstrate that HF-feeding in animals prone 
to obesity results in impaired GLP-1 satiation signaling. 
Specifically, OP animals maintained on the HE/HF diet 
exhibit decreased sensitivity to the satiating effects of Ex-4, 
a GLP-1R agonist, compared with OR rats fed a similar diet 
or their counterparts fed chow. Furthermore, and similar 
to previous studies, we found that during HE/HF-feeding, 
OP rats gained significantly more weight, had increased 
body adiposity, and consumed more calories during 24 h 
than OR rats (4,5). Increased energy intake in HE/HF-fed 
OP rats is a function of increased meal size (4), indicating 
an inability of OP rats to effectively suppress appetite and 
calorie intake after a meal. Indeed, diet-induced obese rats 
exhibit decreased sensitivity to intraintestinal lipid-induced 
satiation compared with diet-resistant rats, an effect asso- 
ciated with diminished GLP-1 protein expression in the in- 
testinal epithelium (5). 

Fat is a potent GLP-1 secretagogue (12), and GLP-1 is 
thought to contribute to meal-induced satiation (8) by 
acting in a vagal-dependent manner (13). Therefore, we 
hypothesized that decreased responsiveness to lipids in OP 
rats may result from defective GLP-1 signaling during 
HE/HF-feeding; however, whether this phenomenon is an 
effect of HF-feeding, or of the ensued obesity or both, is 
not known. Here, we found that chow-fed OP and OR rats 
suppress food intake equally after all doses of Ex-4. In 
contrast, during HE/HF feeding, Ex-4 failed to inhibit 
intake or was less efficacious in suppressing intake in 
OP compared with OR rats, suggesting that obesity and 
HF-feeding interact to aggravate the deficits in GLP-1 
signaling. 

GLP-1 exerts its anorectic effect most likely in a paracrine- 
like fashion on vagal afferent terminals (13). Therefore, the 
decrease in short-term responsiveness to Ex-4 during 
HE/HF-feeding in OP rats is likely a result of reduced pe- 
ripheral vagal afferent activation. Indeed, HF-fed animals 
exhibit reductions in vagal afferent sensitivity and receptor 
expression (14,15), and likewise, GLP-1R mRNA in the no- 
dose ganglia was decreased in HE/HF-fed OP rats in the 
current study. Reduced vagal responsiveness to Ex-4 in OP 
rats may also be due to dysregulation between GLP-1 and 
leptin signaling, because vagal afferents contain leptin and 
GLP-1 receptors (5,16) and leptin enhances the response to 
GLP-1 (17). Indeed, leptin resistance occurs rapidly in the 
vagal afferents of obese rats fed an HF diet (18), and di- 
minished vagal response to leptin may impair the ability of 
GLP-1 to activate vagal afferents, as has been demonstrated 
for CCK (19). Although the synergistic effect of leptin and 
GLP-1 is not vagally mediated (17), it is possible that leptin 
resistance in OP rats contributes to reduced responsiveness 
to Ex-4 via postvagal afferent activation on downstream 
central nervous system neurons (20). 

Reduced sensitivity to Ex-4 by HE/HF-feeding during 
obesity was seen at 1 and 3 h after injection, whereas 24-h 
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FIG. 2. Proximal intestinal epithelial cell expression of GLP-1 protein 04), mRNA transcript of GLP-1R in the nodose ganglia CB), and total (C) and 
active (Z>) GLP-1 plasma concentrations after brief (5-h) fast in OP and OR rats. A: OP rats had decreased GLP-1 protein expression during HE/HF- 
feeding compared with HE/HF-fed OR and chow-fed OP rats. B: HE/HF-fed OP rats had decreased gene expression of GLP-1R compared with chow- 
fed OP rats. HE/HF-fed OP rats had decreased circulating total (C) and active (Z>) GLP-1 compared with HE/HF-fed OR and chow-fed OP rats. Data 
are expressed as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.0001 denoting a significant difference from OR rats within diet condition. fP < 
0.05 and f fP < 0.01 denoting significant difference from chow-fed diet condition within phenotype. 



suppression of food intake remained similar between OP 
and OR rats fed both diets tested. Because Ex-4 has 
a much longer half-life than endogenous GLP-1 (21) and 
can cross the blood-brain barrier (22), the long-term re- 
duction of food intake after Ex-4 is likely mediated by 
central GLP-1 R populations, possibly in the nucleus trac- 
tus solitarius (NTS) or paraventricular hypothalamus (13). 
This long-term sensitivity to Ex-4 during obesity is con- 
sistent with previous reports (23,24). 

The decrease in endogenous GLP-1 protein levels may 
further contribute to impaired satiation signaling in OP 
animals, ultimately exacerbating hyperphagia and weight 
gain. This agrees with our previous work, albeit in a dif- 
ferent rat model, which showed that diet-induced obese 
rats exhibit decreased responsiveness to intestinal lipid, 
which was associated with reduced GLP-1 protein ex- 
pression in intestinal mucosa (5). Furthermore, plasma 
levels of GLP-1 were decreased in OP rats only during 
HE/HF-feeding and were likely a consequence of decreased 
intestinal GLP-1 protein and L-cell numbers in the distal il- 
eum. Reductions in active GLP-1 levels were likely sec- 
ondary to reduced total GLP-1 levels observed and not due 
to enhanced DPP-4 activity, which is similar to the finding in 
obese humans (25). 

Taken together, decreased endogenous GLP-1 signaling, 
through decreased nutrient-induced GLP-1 release and 
decreased vagal sensitivity to GLP-1, likely results in 



reduced sensitivity to luminal nutrients in diet-induced 
obese rats (5). The observed effects are only present 
during HE/HF-feeding and obesity, indicating an in- 
teraction of the diet and the genetic make-up of OP rats. In 
conclusion, our studies demonstrate an overall impairment 
in the ability of GLP-1 to reduce meal size that may con- 
tribute to overconsumption and excess weight gain after 
HF-feeding in the obese, thus perpetuating obesity. 
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